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EDITORIAL REVIEW
Isolated membrane vesicles in the evaluation of the nature,
localization, and regulation of renal transport processes
The isolation of membranes from defined seg-
ments of the nephron and defined regions of renal
epithelial cells has provided a new approach to the
analysis of renal tubular transport phenomena and
hormone action. The new approach makes it pos-
sible: (a) to distinguish between the role of the
plasma membrane and the role of other cellular
components in transcellular transport and hormonal
regulation; (b) to localize the transport elements sit-
uated in the two opposite poles of the cell, namely, the
basal-lateral and the luminal membranes; and (c) to
characterize these transport elements in terms of
driving forces, molecular properties, and sensitivity
to regulatory influences.
For studies aimed at these goals, it is important
that the membranes (including their transport ma-
chinery) be left essentially unaltered by the purifica-
tion procedures so that the isolated sheets or vesi-
des reflect very closely or identically the functions
of the plasma membrane of the intact cell in vivo.
This desideratum places this area of investigation at
the borderline between the classical physiologic ap-
proach and the classical biochemical approach, the
latter often requiring isolation of individual mem-
brane components at the expense of considerable
structural and functional alteration.
Methods for membrane isolation. Methods for
isolating plasma membranes from cytosol and other
cellular components, and for separating luminal
from contraluminal membranes, are based on dif-
ference in size, density, and surface charge—size
being the main determinant of separation by veloc-
ity sedimentation (differential centrifugation), den-
sity being the determinant of separation in a density
gradient, and surface properties being the crucial
factors in separation effected by electrophoresis,
calcium precipitation, and phase partition. For the
isolation of plasma membranes from renal cells,
various combinations of these methods are used.
Thus far, only two combinations, however, have
proven to be suitable for the concurrent isolation of
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luminal and contraluminal membranes from the
same nephron cell type: (a) a combination of dif
ferential centrifugation and free-flow electropho-
resis has been applied to rat [1] and canine [2, 3]
proximal tubule, bovine [4, .5] and canine [6] col-
lecting duct; and (b) recently, a combination of dif-
ferential centrifugation and density-gradient centrif-
ugation has been applied to rabbit kidney cortex
[7].
The former combination of methods has the fol-
lowing advantages: (a) the conditions are identical
during the separation of the luminal and con-
traluminal membranes, (b) the separation of these
membranes is effected simultaneously, and (c) the
factor of charge is used for the separation (in addi-
tion to the factors of size, shape, and density) [8]
and if necessary can be manipulated [9]. In general,
both luminal and contraluminal membranes migrate
to the anode. In the collecting duct, the luminal
plasma membrane fragments migrate more rapidly
to the anode than do the contraluminal membranes,
as would be expected from the fact that the luminal
membrane is coated with a glycocalyx that contains
negatively charged sialic acid residues. In the proxi-
mal tubule, however, the contraluminal membranes
migrate more rapidly to the anode than do the lumi-
nal membranes, indicating that the factors of size
and shape can override the factor of surface-charge
density in determining the ultimate mobility of the
membrane fragments in the electric field.
Free-flow electrophoresis, in the present state of
its development, has the disadvantage of low mem-
brane yield—mainly as a consequence of the aggre-
gation occurring in the low ionic strength separation
buffers. This problem does not arise with the den-
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sity gradient method. With this method, however,
the luminal and contraluminal membranes are ex-
posed to solutions of different composition during
the separation, and also the time course of the sepa-
ration is different for the two components.
In this general approach to the study of proximal
and distal nephron function, it is important to recog-
nize the derivation of all membranes not only with
respect to the cellular pole of origin but also with
respect to the tubular segment and the type of tissue
cell (vascular smooth muscle? endothelial? podo-
cyte? tubular epithelial? nerve?) from which the cell
membranes are derived. Ideal methodology, how-
ever, is not yet available to make possible a com-
pletely satisfactory distinction of derivation either
as to the cell pole or the cell type. Nevertheless,
some progress has been achieved through the use of
the following markers to distinguish between lumi-
nal and contraluminal membranes: in the proximal
tubule, alkaline phosphatase, trehalase, and mal-
tase can be used as markers for luminal membranes;
sodium-potassium-ATPase and parathyroid-hor-
mone-stimulated adenylate cyclase can be used as
markers for the contraluminal membranes. In the
papillary collecting duct, bicarbonate-stimulated
adenosine triphosphatase (ATPase) and cyclic-
adenosine-monophosphate (cyclic AMP)-depen-
dent protein kinase can be used as markers for lumi-
nal membranes; calcium-ATPase and antidiuretic-
hormone-stimulated adenylate cyclase can be used
as markers for contraluminal membranes.
For identification of the tubular segment(s) or the
cell type(s), or both, from which the isolated mem-
branes are derived, morphology as well as enzymat-
ic and other markers can be used. For example, the
microvillous structure of the luminal membrane of
the proximal tubule is maintained during the isola-
tion, and therefore this membrane can be readily
identified microscopically. Similarly, the morpholo-
gy of glomeruli and blood vessels can be followed
throughout the isolation, provided that the homoge-
nization procedure that has been used does not de-
stroy these structures. Thus, it is important in the
development of plasma membrane isolation proce-
dures to select methods that allow contaminating
structures to retain their morphology so that they
can be recognized until they are eliminated. It is al-
so important to identify markers that are character-
istic of membranes derived from contaminating cell
types, such as nerve and muscle, but the recogni-
tion and exploitation of such markers in renal mem-
brane isolation methodology remains for future in-
vestigations.
For identification of the site of origin of renal cell
membranes within the nephron, it is possible now to
take advantage of the specific localizations of the
discriminator (receptor) components of the various
renal hormone-sensitive adenylate cyclases. The
first recognition of differential localization of hor-
mone-sensitive cyclases was that of Chase and
Auerbach [10] who reported that the PTH-sensitive
cyclase was localized in the renal cortex and that
ADH-sensitive cyclase was localized in the renal
medulla. More recently, investigators [11—14] with
elegant microdissections of individual nephrons
have refined and extended our knowledge of the lo-
calization within the nephron of the many different
hormone-sensitive adenylate cyclases.
Studies of isolated membranes as "sheets" or
vesicles. With the achievement of luminal and con-
traluminal membrane separation, there is the option
to study these membranes in the form of "open
sheets" or as closed vesicles, depending on the ob-
jectives of the particular investigation that is con-
templated. Note that there is a spontaneous tenden-
cy of plasma membranes to vesiculate (especially if
the membranes are prepared in mannitol buffers of
low ionic strength [15, 16]), and therefore, if it is de-
sirable in a given study to convert vesicles to open
sheets, it is necessary to add a step to the procedure
such as freeze-thawing, osmotic shock, or treat-
ment with low concentrations of detergents.
In the "open sheet" preparation, one has access
to both faces of the membrane; thus, this prepara-
tion is suitable for the identification of functionally
asymmetric membrane elements (such as receptors,
ion-dependent ATPases, hormone-sensitive nude-
otide cyclases, cyclic AMP-dependent kinases, and
so on). On the other hand, membrane vesicles, in
contrast to membrane sheets, provide a way to
study (a) transport across a single face of the polar-
ized epithelial cell and (b) the arrangement of en-
zymes and other proteins within the membrane in
terms of whether the protein is located in only one
face of the membrane or whether it spans the entire
membrane, and, if the latter, whether it is active on
both faces of the membrane or whether its active
center is limited to a single face of the membrane.
Investigations of plasma membranes in the form
of "open sheets" are feasible for virtually all of the
membrane preparations obtained from renal cells
[15]. Vesicle preparations that are satisfactory for
study, however, have been reported to date only
for membranes of proximal tubular cells. In the
brush border (Fig. 1), the degree of vesiculation
is high and the orientation of the vesicles is pre-
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Fig. 1 a (left panel). Freeze-fracture electron micrograph of a proximal tubular cell in the brush border region. Convex half-membranes
contacting the cytoplasm (P face) show a high particle density, whereas concave half-membranes (E face) representing the outer mem-
brane leaflet are characterized by a low particle density. b (right panel). Freeze-fracture electron micrograph of isolated brush border
membrane vesicles of rat kidney cortex. Convex fracture faces mostly show a high particle density; concave fracture faces show a lower
particle density, indicating an outside-out orientation of the vesicles.
dominantly outside-out," reflecting the in vivo
condition [17]. It should be noted, however, that
there is a considerable inhomogeneity with respect
to the size and to the sealing (leakiness) of the vesi-
des. The problem of sealing renal plasma mem-
brane vesicles has not yet been subjected to exten-
sive investigation, but a model for the well-sealed
vesicle preparation and for a methodology for sepa-
rating well-sealed from poorly sealed vesicles is
provided by studies on erythrocyte ghosts [49].
Sealing of renal membrane vesicles has been evalu-
ated to date by following the osmotic response of the
vesicles to diluted and concentrated bathing solutions
containing sucrose or similar nonpenetrant sub-
stances. To our knowledge, no experiments, how-
ever, have been done in which fixation and elec-
tron-microscopic surveillance is carried out follow-
ing exposure of the vesicies to hypotonic and to
hypertonic media. Such studies would be most de-
sirable to determine the proportion of sealed vesi-
des in a given membrane preparation.
Although it has not yet been possible to obtain
preparations with a predominant number of "in-
side-out" vesicles derived from the brush border,
efforts to develop such vesicles would be very de-
sirable because in this orientation the former cyto-
plasmic face of the plasma membrane is exposed to
the incubation medium, thus facilitating studies of
ATP-dependent processes.
In the contraluminal membrane from proximal
tubular epithelial cells, the degree of vesiculation as
observed with freeze-fracture techniques is much
smaller, and there is a high degree of inhomogeneity
of the size of the vesicles. Studies on the accessibil-
ity of the sodium-potassium-ATPase of these mem-
branes to ATP and to ouabain (by determination of
the increment in the ATPase activity of the prepara-
tion after addition of detergent) revealed that in ap-
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Fig. 2. Sodium-glucose cotransport in isolated renal brush border membrane vesicles. (a) Effect of sodium on glucose uptake. Membrane
vesicles containing 100 mM mannitol and 1 msi Tris-Hepes buffer (pH, 7.4) were incubated for the time period indicated in 100 mM man-
nitol, 1 mM Tris-Hepes (pH, 7.4), and 1 mat 3H-n-glucose at 25° C. In addition, the incubation medium contained 100 m sodium thio-
cyanate (U, U), 100mM potassium thiocyanate (A) or 100 m sodium thiocyanate pIus 0.1 mat phiorizin (•). Where necessary, vesicles
were preloaded prior to the uptake experiment with sodium by incubation at 25° C for 30 mm in a solution containing 100 mM mannitol,
1 MM Tris-Hepes, and 100 m sodium thiocyanate (U). The incubation was terminated by rapid filtration through Milhipore filters [16]. (b)
Effect of glucose on sodium uptake. Brush border membrane vesicles were preincubated for 1 hr at 25° C in a solution containing 100 mM
mannitol, 5 mM Tris-Hepes, 95 mM potassium thiocyanate, and 5 m radioactive sodium thiocyanate (22NaSCN). At zero time, 30 l
of a solution containing 5 mat Tris-Hepes, 95 mat potassium thiocyanate, 5 mat 22NaSCN, and 60 ifiM n-glucose (0) or 60mM n-glucose
pIus 1 mM phlorizin (•) were added to 150 p.l of membrane suspension.
proximately 60% of the vesicles the membrane is
oriented right side out and that in about 40% of the
vesicles the membrane is oriented inside out. In
view of these considerations, the quantitative con-
clusions from studies of membrane vesicle systems
at this stage of development of the art must be
evolved with caution; such studies, however, have
already provided and should continue to provide
important qualitative insights into the localization
and functional nature of membrane-bound transport
elements.
Nature and localization of membrane transport
elements. Thermodynamics, reversible and irre-
versible, provide a conceptual framework that
makes it feasible to determine whether a given
transepithelial molecular movement is a passive
transport process or an active transport process,
the latter having been defined in several different
ways, for example, by its occurrence in opposition
to an electrochemical potential gradient, or by its
occurrence in the absence of any apparent physical
driving force, or by its coupling to metabolism, and
so on. For active transport through an epithelial cell
layer to ensue, there must be an asymmetry of the
involved cells with respect to distribution of trans-
port elements. Therefore, it is pertinent to localize
these elements within the cell, particularly within
the plasma membrane (that is, the cell envelope)
and to define the operative driving forces.
At the membrane level there are three principle
driving forces to be considered in epithelial cells,
namely, the chemical (j.) or electrochemical (ji) po-
tential of the transported species, the chemical or
electrochemical potential of a cotransported or
countertransported species (ILNa or P'Na, in most
cases), and the driving force derived from a chemi-
cal reaction coupled to the transport process (ATP
hydrolysis, in most cases). An article by Sauer, for
example [18], gives a detailed treatise on nonequi-
librium thermodynamics of membrane transport.
An example of the use of an isolated membrane
preparation for the study of the role of sodium (as a
cotransported substance involved in the transport
of another substance), D-glucoSe [16, 19—22] (See-
gers, Murer, Kinne, unpublished data) is given in
Fig. 2. This figure shows the following three lines of
evidence for the presence of a sodium-glucose co-
transport system in renal brush border membranes:
(a) sodium (but not potassium or other ions), when
equilibrated across the vesicle membrane, increases
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the rate of glucose uptake into the intravesicular
space, indicating that sodium interacts with the glu-
cose transport system of the luminal plasma mem-
brane (brush border); (b) over and above this effect
of sodium in the absence of an electrochemical gra-
dient, an "out-to-in" sodium gradient (PNa)
proves to be a driving force which can initiate up-
hill glucose transport leading to a transient intra-
vesicular glucose accumulation, as indicated by the
overshoot of intravesicular glucose content during
the first few minutes of uptake when compared to the
equilibrium value for intravesicular glucose content
after prolonged incubation; (c) D-glucose increases
the uptake of sodium in these same brush border
membrane vesicles, and both the sodium uptake
process and the D-glucose uptake are inhibited by
phiorizin, a well-established specific inhibitor of D-
glucose transport in the proximal tubule.
Note that the glucose-sodium cotransport is elec-
trogenic [15, 16, 19, 20]; therefore, sodium thio-
cyanate was used in the experiments shown in Fig.
2 instead of the more physiologically relevant so-
dium chloride. In the vesicle an "out-to-in" sodium
thiocyanate gradient across the brush border mem-
brane creates a diffusion potential which renders
the inside of the vesicle negative (because the thio-
cyanate ions permeate the vesicle membrane more
rapidly than do sodium ions) and the electrical po-
tential difference generated thereby provides an im-
portant additional driving force for sodium-depen-
dent D-glucose uptake. Note that a similar thiocya-
nate ionic permeance would not be encountered in
the intact cell where thiocyanate ion entry is op-
posed by the intracellular negativity. An example of
an ATP-driven solute transport process is given in
Fig. 3 which shows the effect of ATP on calcium ion
accumulation in basal-lateral plasma membrane
vesicles derived from rat kidney proximal tubules
[23]. It was possible to carry out this study of ATP
as a driving force for calcium transport because,
owing to the more or less random orientation of the
membranes (see above), some "inside-out" vesi-
des, which are responsive to AlP, are present in
this membrane fraction.
Experiments similar to those illustrated in Figs. 2
and 3 have provided data on the localization of sev-
eral transport systems and their driving forces, as
summarized in Table 1. These data suggest the fol-
lowing general principles: (a) many transepithelial
cell transport processes are driven by the sodium
gradient and involve sodium-solute cotransport ele-
ments (some workers refer to these transport proc-
esses as "secondary active" because they derive
their energy from the gradient established by the
ATP-powered sodium pump); (b) both sodium-gra-
dient-driven transport and ATP-driven transport
seem to be operative in renal proximal tubular pro-
ton and calcium transport (this redundancy of trans-
port systems may represent a fail-safe device for
these particular transport processes); (c) a transport
system which lacks cellular asymmetry, such as
that for acidic amino acids, serves to mediate the
cellular uptake function rather than the transcellular
transport function of the epithelial cell.
Nature and localization of elements involved in
hormonal regulation of transport. Several renal
tubular transport processes are regulated by peptide
hormones as exemplified by the parathyroid-hor-
mone-induced inhibition of phosphate transport in
the proximal (and distal) tubule and by the hydro-
osmotic action of antidiuretic hormone (ADH) in
the collecting duct. Using isolated membrane sys-
tems similar to those which provided the above-
noted information on localization and nature of the
renal transport elements themselves, one can also
analyze the localization and nature of the constitu-
ents of the hormonal system serving to regulate the
operation of these transport elements. The earliest
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Fig. 3.Effect ofATP on calcium uptake by isotatedbasat-lateral
plasma membrane vesicles. The basal-lateral plasma membrane
vesicles, containing 150 mM potassium chloride, 10 mi's Tris-
Hepes (pH, 7.4), and 5 m magnesium chloride, were incubated
for the time period indicated in a medium containing the fore-
going constituents and, in addition, 0.12 mri radioactive calcium
chloride (4CaCl,) without (0) or with 5 msi ATP, the latter in the
absence (•) and in the presence (N) of the calcium ionophore
A23187 at a concentration of 10_6 M.
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Table 1. Nature and cellular localization of transport elementsa
Sodium-proton exchange (and
cotransport with other solutes)
ATP-dependent sodium and potassium
movement (Na-K-ATPase)
Sodium-calcium exchange
ATP-dependent calcium movement
(Ca-ATPase)
Sodium-proton exchange
ATP-dependent proton movement
(anion-stimulated Mg ATPase)
Sodium cotransport
Na-independent facilitated
diffusion
Sodium cotransport
Na-independent facilitated
diffusion
Sodium contransport
Na-independent facilitated
diffusion
Sodium cotransport
Facilitated diffusion
(probably Na-independent)
Na-independent facilitated
diffusion (system I)
Na-independent facilitated
diffusion (system II)
Sodium cotransport
Na-independent facilitated
diffusion
Sodium cotransport
Brush border membrane
[24]
Basal-lateral plasma
membrane [1, 7, 25—27]
Basal-lateral plasma
membrane [23]
Basal-lateral plasma
membrane [23, 28]
Brush border membrane
[24]
Brush border membrane
[29, 30]
Brush border membrane
[31]
Basal-lateral plasma
membrane [31]
Brush border membrane
[16, 19—22]
Basal-lateral plasma
membrane [16, 32, 33]
Brush border membrane
[34-37]
Basal-lateral plasma
membrane [34, 38]
Brush border membrane [39]
and basal-lateral plasma
membrane [40, 41]
Brush border membraned
[42]
Basal-lateral plasma
membranee [38]
Basal-lateral plasma
membrane [43, 44]
Brush border membrane'
[45, 46]
Brush border membrane
[47]
Basal-lateral plasma
membrane
Brush border membrane
[48]
Uptake of sodium into the
cell depending on !2aa
Extrusion of sodium from
the cell driven by ATP
Extrusion of calcium from
the cell driven by ANa
Extrusion of calcium from
the cell driven by ATP
Extrusion of protons from
the cell driven by #LNa
Extrusion of protons from
the cell driven by ATP
Concentrative uptake of
phosphate driven by lLNa
Mediation of phosphate exit
or entry depending on
Concentrative uptake of sugar
into the cell driven by /LNa
Mediation of sugar exit or
entry depending on
Uptake of amino acids into
the cell driven by PNa
Mediation of amino acid entry
or exit depending on
Uptake of amino acids into
the cell driven by #Na
Concentrative uptake of amino
acids into the cell driven by
PNa
Mediation of amino acid exit
or entry depending on
Concentrative uptake of PAH
into the cell (driving force
unknown)
Mediation of PAH exit
depending on
Uptake of lactate into the
cell driven by ftra
Mediation of lactate entry or
exit depending on
Uptake of citrate into the
cell driven by #Na
work on the role of adenylate cyclases, protein ki-
nases, and phosphoprotein phosphatases in peptide
hormone action was carried out on nonpolarized
cells [50]. In these early studies, the hormone-stim-
ulated cyclase (the initiating element of hormone
action) was localized in the plasma membrane, and
the kinase and phosphatases (the late or terminal
elements of hormone action) were localized in the
cytosolic component of the cell. To understand the
action of peptide hormones in the kidney, in which
the hormone has access to the luminal cell face
(through the glomerular filtrate) as well as to the
contraluminal cell face (through the bloodstream),
and where cytosolic cyclic AMP also has access to
both cell faces, one must be able to localize the hor-
mone-stimulated adenylate cyclases, the cyclic
AMP-dependent protein kinases, and the phospho-
protein phosphatases not only within the cell as a
Sodium
Solute transported Nature of transport processb Cellular localization Role in tubular transporr
Calcium
Proton
Inorganic phosphate
D-GlUcose
Neutral amino acids
Acidic amino acids
Basic amino acids
Paraaminohippurate
Lactate
Citrate
Sodium cotransport
a Symbols used are: l2pa, electrochernical potential difference for sodium across the pertinent membrane; electrochemical
potential difference for the species of interest across the pertinent membrane; chemical potential difference for the species of
interest across the pertinent membrane.
b Predominant (not necessarily exclusive) transport process in the membrane is indicated in column 3.
In a complete thermodynamic consideration of the driving forces, the or opposing 4Na have to be taken into account also;
thus, in electroneutral transport systems, for example, only tNa (and not tNa) can remain as net driving force.
ri This is based on electrophysiological evidence only.
This is based on multiple indicator dilution studies only.
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Table 2. Nature and cellular localization of elements involved in the regulation of transport by peptide hormones3
Element Nephron segmentb Cellular localizationb
Role in
hormone action
PTH-stimulated adenylate cyclase Proximal tubule Basal-lateral plasma membrane [51] Initiation
ADH-stimulated adenylate cyclase Collecting duct Basal-lateral plasma membrane [4] Initiation
Calcitonin stimulated adenylate cyclase Ascending limb
of Henle's loop
Probably basal-lateral plasma
membrane
Initiation
Cyclic AMP-dependent protein kinase Proximal tubule Luminal membrane (brush-border)
and cytosol [52—54J
Effector
process (?)
Cyclic AMP-dependent protein kinase Collecting duct Luminal membrane and
cytosol [4—6, 55, 561
Effector
process (?)
Protein phosphatase Proximal tubule Luminal membrane
(brush-border) [521
Termination (?)
Protein phosphatase Collecting duct Plasma membranec
and cytosol [55, 571
Termination (?)
In the case of steroidal regulation of renal transport processes, several distal nephron segments are involved. The regulatory ele-
ments are a receptor protein localized in the cytoplasm, and the genome located in the nucleus. The role of the receptor is recognitiot
and translocation of the hormone-receptor complex to the nucleus, and the role of the genome is the induction of increased amounts of
various proteins [58], only some of which, such as condensing enzyme [59), have been identified hitherto. The thyroid hormone operates
similarly [60) but on a broader variety of cell types and leads to an increased amount of Na-K-ATPase both in the nephron and the body
as a whole.
b This is predominant or exclusive.
This is canine but not bovine medullary plasma membranes.
whole but within the cell envelope as well. Such to-
calizations have been obtained (Table 2) and have
led to a model (for the action of parathyroid hor-
mone [PTH] on the proximal tubule and ADH on
the collecting duct) that includes contraluminal lo-
calization of hormone-stimulated adenylate cyclase
and luminat localization of cyclic-AMP-dependent
protein kinase (Fig. 4). In this model, emphasis is
placed on membrane phosphorylation as a pre-ef-
fector event in hormone action. In the case of ADH,
however, dephosphorylation of a specific mem-
brane protein (originally referred to as protein D)
has been observed following challenge of toad blad-
der epithelial cells with ADH and cyclicAMP [61—
64]. This phenomenon has been investigated in de-
tail recently in dog kidney papillary plasma mem-
branes, and it has been found [65] that protein D is
in all probability the phosphorylated regulatory
subunit () of the holoenzyme, renal protein ki-
nase (h).
Furthermore, it has been found that is a much
better substrate than is () for renal phosphopro-
tein phosphatases. Therefore, the cyclic-AMP-in-
duced dephosphorylation of protein D can be ex-
plained by the fact that the cyclicAMP dissociates
the holoenzyme into its subunits, and c, and
thereby renders its phosphorylated regulatory sub-
unit, , amenable to the action of renal phospho-
protein phosphatase as in the case of bovine cardiac
muscle [66J. Thus, although the dephosphorylation
of protein D occurs during the action of ADH on the
collecting duct, it appears not to be directly involved
in the ADH-induced, cyclic-AMP-mediated increase
of the water permeability of the luminal membrane.
This work on cyclic-AMP-mediated dephospho-
rylation of membrane protein emphasizes the im-
portance not only of the localization within the cell
envelope of an element in hormone action, protein
but also of the need to characterize the product(s)
of that element with respect to its (their) precise
functional relation to the transport system which
is being altered by the hormone.
Conclusion
This discussion has specifically dealt with the
progress made by the development and application
of isolated membrane systems in enlarging our un-
derstanding of transport processes (and their hor-
monal regulation) in the proximal convoluted tubule
and in the collecting duct. The proximal tubule was
selected as an initial research focus because (a) the
renal cortex provides easier access to a relatively
homogenous cell population than do other segments
of the nephron, (b) the polarity of the proximal
tubular cells is so striking morphologically as well
as functionally, and (c) there is a very rich back-
ground of data on proximal tubular transport proc-
esses derived from slice, clearance, stopfiow, mul-
tiple indicator dilution (close arterial injection), and
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Fig. 4. Hypothetical scheme for the mediation of parathyroid
hormone action on the proximal renal tubule and antidiuretic
hormone action on the collecting duct of the mammalian kidney.
H = peptide hormone, = phosphorylated regulatory subunit of
protein kinase, C = catalytic subunit of protein-kinase, S =
luminal membrane-associated substrate for protein kinase, =
phosphorylated protein substrate representing a late or terminal
reaction product involved in the regulation of the hormone-sensi-
tive membrane transport system. Phosphoprotein phosphatase
serves to dephosphorylate and/or and thereby modulates or
terminates the hormonal response.
especially from micropuncture, microperfusion,
and electrophysiologic experiments.
The collecting duct was also selected for these
early membrane studies: (a) because it is the site in
the nephron at which there is the most advanced
understanding of a hormonally regulated transport
process (namely, the ADH regulation of water
transport), and (b) because its papillary terminus is
readily accessible for membrane isolation as well as
for micropuncture, microperfusion, and electro-
physiologic studies.
There has been no comparable work as yet on
isolated membranes derived from cells of the loop
of Henle, the distal convoluted tubule, and the cor-
tical and medullary collecting duct, but studies of
membranes from cells of these tubular segments
can be expected, as methods for the preparation of
homogenous cell populations derived from specific
nephron segments [67, 68] are further developed
and more data are accumulated concerning possible
marker enzymes of luminal and contraluminal mem-
branes.
In our enthusiasm for the findings and insights
gained in the last few years by the use of isolated
membranes, we must not forget that this experi-
mental approach is in its infancy. Many questions
remain. For example, little is known about the
transport elements and driving forces for the secre-
tion of organic compounds by the proximal tubule,
the secretion of potassium in the distal tubule, and
the reabsorption of chloride by the ascending limb
of Henle' s loop. Also the significance of various
hormone-dependent adenylate cyclases localized at
discrete sites in the nephron [11—14] is poorly un-
derstood, and although we have reasonably secure
information on some of the critical events which
constitute the action of the peptide hormones,
ADH, and PTH, we have no concept of how the
membrane-associated transport systems are ulti-
mately affected by the hormone-initiated reaction
sequence.
Although we are well aware of these and other
difficult questions that are emerging as our tech-
nology and knowledge grow, we feel nonetheless
that the progress of recent years in renal physiology
in general, and in the exploitation of membrane sys-
tems in particular, is most encouraging. In fact, we
believe that continued exciting progress is inevi-
table and that the rate of this progress will depend
on the application of multiple approaches to crucial
problems accompanying a growing communication
and interaction between a variety of physiologists
(including electrophysiologists), biophysicists, bio-
chemists, immunologists, pharmacologists, and
nephrologists.
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